We review recent advances in the study of the dissociative recombination of molecular ions with electrons with a primary emphasis on experimental studies. In particular, we focus on previous experimental measurements of recombination rates for N 2 + , O 2 + , and NO + ions. In the context of this review, we present temperature dependent rate coefficients from recent merged beam studies of the dissociative recombination of N 2 + , O 2 + , and NO + ions with electrons. Identifying underlying physical differences between the various experimental techniques enables a discussion of the effects of vibrational excitation on the dissociative recombination of these major ionospheric species of ions. For T < 1200 K, we conclude that the recombination rates for N 2 + , O 2 + , and NO + ions in the ground electronic and vibrational states respectively are 2.2 Â 10 À7 (T e /300) À0.39 cm 3 s À1 , 1.95 Â 10 À7 (T e /300) À0.70 cm 3 s
À1
, and (3.5 ± 0.5) Â 10 À7 (T e /300) À0.69 cm 3 s
. Vibrational excitation is shown to play a significant role in laboratory measurements of these recombination rates. For each of these species, vibrationally excited ions yielded a lower recombination rate than the ground state. We also discuss the recombination of these species of ions for T > 1200 K.
Introduction
[2] In spite of significant advances in ionospheric modeling, some basic chemical reaction rates are still surrounded with uncertainty. In part, this is due to the apparently contradictory results presented by various earlier studies. The dissociative recombination (DR) of the main terrestrial ionospheric molecular ions, N 2 + , O 2 + , and NO + , is a prime example of this problem. This is evidenced by the fact that the various ionospheric texts and review papers [e.g., Banks and Kockarts, 1973; Schunk and Nagy, 1980; Rees, 1989; Brekke, 1997; Lilensten and Blelly, 1999; Schunk and Nagy, 2000 ] present rates for these reactions which differ in both magnitude and temperature dependence. To add to the confusion, it is not uncommon in such references to have the rates presented without any identification of their source. This is a very significant problem considering that the rates found in different references may differ by as much as a factor of two. This has consequences for compositional studies of the lower ionosphere [e.g., McNeil et al., 2001] , as well as for attempts to understand observed electron density profiles [e.g., Zhang et al., 2000] . Similarly, during electron heating events such as those observed in the auroral regions near 110 km altitude [e.g., Schlegel and St.-Maurice, 1981; Wickwar et al., 1981] , the composition can be dramatically affected through the temperature dependence of the DR rate [Schlegel, 1982] .
[3] Clearly, it would be advantageous to uncover the causes of the differences between the published DR rates and, as a result, be able to infer which rates should be used in particular ionospheric situations. Fortunately, considerable progress has been made in recent years, both experimentally and theoretically, in our understanding of the interactions between electrons and molecular ions [e.g., Mitchell, 2001] . This has allowed the reconciliation of seemingly contradictory rates for a variety of species of molecular ions [e.g., Sheehan, 2000] . In particular, for many species of molecular ions the DR rate coefficients are now understood to be strongly dependent upon the initial state of the molecular ions.
[4] In this paper we present a review of the recent progress in the study of DR, with a focus on the DR of N 2 + , O 2 + , and NO + . We have already addressed the DR of molecular ions of importance in Jovian ionospheres in a separate publication [Sheehan and St.-Maurice, 2004] . In section 2 we present an overview of the physical processes that affect the DR rate in addition to a review of recent progress made in the study of DR. In section 3 we present the results of the most recent single pass merged beam experiments with the DR of N 2 + , O 2 + , and NO + . In view of these, and a host of earlier rates, we then discuss the causes of the differences and identify which rates should be used under various circumstances. On the basis of the discussion of section 2, we have been able to set the various rates in context and to make proposals for the best values to be used under various ionospheric conditions.
[5] A thorough review of the literature related to the DR of N 2 + , O 2 + , and NO + would make this paper prohibitively long. Instead, we will discuss only the most relevant references as necessary. Nevertheless, for the interested reader we have provided a catalogue of publications addressing the study of the DR of these species of molecular ions. This list of fundamental references is found in Table 1 . In cases where a reference addresses multiple topics, we have listed it under each relevant heading.
Dissociative Recombination of Molecular Ions

Introduction
[6] In this section, we present an overview of the various interactions between electrons and molecular ions, with a particular focus on the DR process. Although in general DR is the most significant of these processes in planetary ionospheres, the ignored process of dissociative excitation may also play a significant role under certain conditions.
General Electron-Ion Collisions
[7] A molecular ion, AB + , can potentially undergo any of the following reactions with an electron: radiative recombination;
dissociative recombination;
dissociative excitation (DE);
or ion pair formation;
Typical radiative recombination cross sections are of the order of 10 À20 cm 2 [Compton and Bardsley, 1984] . This is three to five orders of magnitude smaller than typical DR cross sections [e.g., Mitchell, 1990] so the process in equation (1) can be safely ignored. The process in equation (2), DR, is discussed in detail in the next subsection. [Vejby-Christensen et al., 1998 ]. Beyond 15 eV, the DE cross section exceeds the DR cross section by at least one order of magnitude. Similar results were also observed for O 2 + [Peveral et al., 2001] and N 2 + [Peterson et al., 1998 ]. Experiments such as these demonstrate that for diatomic molecular ions at least, the DE cross section as a function of collision energy loosely resembles a step function. The cross section jumps steeply from negligible values to near maximal values in the neighborhood of 10 eV. Once these maximal values have been reached, the DE cross section remains nearly constant as the collision energy increases.
[9] DE may therefore be a significant process in planetary ionospheres, for instance, during auroral conditions when electrons impact molecular ions with energies in excess of 10 eV. Being a source of atomic ions and excited atoms, the DE process could alter the ionospheric composition, and may even be an important factor in auroral emissions. It should also be noted that DE is not a sink of electrons, since the incident electron remains unbound after the interaction. It is curious, in this respect, that DE is a process that is seemingly completely ignored in ionospheric studies, at least as evidenced by the standard texts and reviews such as those cited above in the introduction. We are planning future studies to investigate the impact of DE upon the composition and dynamics of the auroral ionosphere.
[10] The process in equation (4), ion pair formation, proceeds in a similar way to DR [Le Padellec et al., 2001 ]. An electron is captured by a molecular ion forming an excited neutral molecule that subsequently dissociates. The difference is that with this process the dissociation products are electrically charged, whereas the DR products are neutral. The process of ion pair formation has been sparsely studied to date. Of relevance to ionospheric research is a recent study of ion pair formation in the recombination of NO + with electrons [Le Padellec et al., 2001] . They observed the total ion pair formation cross section to be negligible for collision energies below approximately 10 eV and above approximately 18 eV. Within the 10-18 eV range, cross sections ranged from 10 À19 cm 2 to 10 À18 cm 2 , with a sharp peak at 12.5 eV. These are similar to the results observed in experiments with HD + and HF + [Zong et al., 1999] , and with HD + and OH + [Larson et al., 2000] .
[11] A comparison of the storage ring cross sections from the DR of NO + [Vejby-Christensen et al., 1998 ] with those of ion pair formation from NO + [Le Padellec et al., 2001 ], for the 10-18 eV range, reveals that the DR cross sections are consistently greater than the ion pair formation cross section by approximately two orders of magnitude. Thus as far as NO + chemistry is concerned, ion pair formation in the ionosphere can be neglected. Since the cross sections for the other diatomics listed above are similar to those of NO + , it seems reasonable to assume that ion pair formation can also be neglected for O 2 + and N 2 + chemistry. Nevertheless, there is a need for experimental studies of ion pair formation for the latter two species.
An Overview of the Dissociative Recombination Process
[12] While equation (2) is the typical way of expressing the DR process, it is in fact an oversimplification. The process is more accurately represented by
The capture of an electron by an ion AB + , leading to the formation of the excited neutral molecule AB ** as indicated in equation (5), can take place in a single step (direct process) or in two steps (indirect process). A detailed discussion of the differences between the direct and indirect processes is beyond the scope of this paper. There are a number of good discussions of this topic [e.g., McDaniel et al., 1993, pp. 567ff.] . We will therefore only review the basics of each process.
[13] DR is an electronic correlation problem [Linderberg, 1998 ] and the general idea can be understood by examining the diagram in Figure 1 . This diagram shows a simplistic two-state system consisting of a bound ionic state, AB + , and a high lying neutral repulsive state, AB. Since the potential curve of AB has no local minimum, it represents an unbound state. A molecule in this state AB will dissociate to A + B as the internuclear separation increases. Above the state AB + lies the continuum AB + + e. When an electron collides with an ion in AB + , it can be captured into the neutral state AB provided that the sum of the energy of the ion at that internuclear separation and the energy of the incident electron is equal to the energy of the neutral state at the same internuclear separation. Since the neutral capture state lies above the ion state, it is unstable. This system can either be stabilized through autoionization or DR. The neutral curve crosses the ion curve at a critical internuclear separation, labeled R c . For R < R c , the state AB lies above the ionization threshold and is therefore autoionizing, meaning it may spontaneously re-emit the captured electron. For R > R c , however, the state AB is a lower-energy state than the ionic state and autoionization is no longer energet- Figure 1 . Direct process dissociative recombination illustrated using potential curves for a simple two-state system consisting of a bound ionic state AB + and a neutral dissociating state AB.
ically possible. In this case, the recombination proceeds through the dissociation of the molecule.
[14] Qualitatively, the DR cross section for the direct process is given by [Mitchell, 1990] 
where À is the resonance capture width which describes the strength of the capture process, E is the incident electron kinetic energy, FC is the Franck-Condon factor which describes the overlap of the nuclear wave functions of the initial ion state and the repulsive neutral state, giving the probability of transition from the initial to the final state, and S is the survival factor which indicates the probability of the recombination being stabilized by dissociation rather than decaying by autoionization. For cases of good overlap (FC = 1) and efficient stabilization (S = 1), the energy dependent cross sections are proportional to E À1 . If, however, the overlap is poor, then the Franck-Condon factor will be energy-dependent and the cross sections will no longer simply be proportional to E
À1
. This is because the FC term in equation (6) would become the second energydependent term in the cross section, in addition to the E in the denominator. For stability reasons, the most probable internuclear separation for an ion in state AB + is at the minimum of the potential curve. Therefore the overlap integral, and in turn the Franck-Condon factor, are maximized when the neutral repulsive curve crosses the ionic curve near its minimum. Thus the closer the curve crossing is to optimal, the higher the DR cross section will be.
[15] This discussion of the direct process is easily extended to account for the initial vibrational state of the ions. Again, we will consider a simplistic case. In Figure 2 , v is some vibrational level of the ionic state AB + , while AB 1 and AB 2 are two repulsive neutral states. A molecule in a vibrational state v spends most of its time near the classical turning points. These therefore represent the most probable internuclear separations of the ion AB + . From this it follows that the Franck-Condon factor will be maximized when a neutral repulsive curve crosses the vibrational level of the ion between the turning points. Thus in Figure 2 , AB 1 exhibits a more optimal curve crossing than AB 2 . Since each molecular species will have a unique set of neutral and ionic curves, it is evident that no general rule can be stated for the dependence of the DR cross section upon the vibrational excitation of the ion. Each species must be dealt with on an individual basis. For instance, it has been observed that the DR cross section decreases with increasing vibrational excitation for NO + [e.g., Mostefaoui et al., 1999] , while for H 2 + the cross section increases with increasing vibrational excitation [e.g., Hus et al., 1988a] . Thus vibrational excitation can either enhance or suppress the DR process, depending on the species of ions.
[16] The indirect process is somewhat more complicated. Figure 3 illustrates the indirect process. Each electronic state of a molecular ion represents the limit of a Rydberg series of neutral states. A Rydberg state of a molecule AB (labeled AB R in Figure 3 ) lying close to the limiting ion state AB + can have vibrationally excited levels (labeled AB Rv in Figure 3) Figure 3 , a second possible outcome is that the molecule will dissociate due to the capture state being predissociated by AB. The indirect process is represented by
[17] Interestingly, for the first time, the differences between the direct and indirect processes (HCN + /HNC + isomers) have now been observed experimentally [Sheehan et al., 1999; Talbi et al., 2000] . The direct process has been found to be the considerably more efficient of the two, with . Indirect process dissociative recombination illustrated using potential curves for a simple system consisting of a bound ionic state AB + , a Rydberg state AB R , a vibrational level of the Rydberg state AB Rv , and a neutral dissociating state AB. a rate coefficient nearly 30 times larger than that for the indirect process in this instance.
Review of Recent Progress
[18] In the pioneering days of the study of DR, experimental techniques such as stationary afterglows, shock tubes, flames, and ion traps were used. These techniques, along with their strengths and weaknesses, have been reviewed in detail elsewhere [McDaniel et al., 1993, pp. 573 -583] . The primary weaknesses of these early methods involved the inability to account for initial ionic states, as well as the problem of reaction rates being influenced by the presence of chemical impurities and competing processes. The majority of these problems associated with the earlier techniques have been solved following the advent of the flowing afterglow Langmuir probe (FALP) technique and the merged beams technique.
[19] With the FALP approach [e.g., Mostefaoui et al., 1999] , molecules are chemiionized and then drawn along a drift tube by a roots pump. The ions and their accompanying electrons flow together down the drift tube in a stream of neutral buffer gas. A movable Langmuir probe measures the electron density along the axis of the drift tube. From the decay in the electron density, the DR rate coefficient is determined. An obvious potential problem is the presence of impurity ions that can significantly alter the observed reaction rates. This problem has been accounted for in the FALP apparatus at the University of Rennes in France by the addition of a movable quadrupole mass spectrometer [McDaniel et al., 1993, p. 575] . By moving the mass spectrometer along the flow with the Langmuir probe, the researchers have been able to identify and measure the number density of impurity ions. This provides a significant improvement over earlier techniques. Another significant advantage of the FALP technique over most others is the ability to study vibrationally relaxed ions due to collisional quenching arising from the elevated pressures in the apparatus [Mitchell, 1990] . A particular advantage of the FALP technique over the stationary microwave afterglow technique [e.g., Mehr and Biondi, 1969] is that in the FALP apparatus the ion formation region and the electron-ion interaction region are separated. This minimizes such stationary afterglow technique problems as spatial inhomogeneities in the electron energy distribution, non-Maxwellian distributions, and the vibrational excitation of the reactant ions [Mitchell, 1990] .
[20] The higher gas pressures in a FALP experiment provide an advantage over techniques performed in high vacuum regions owing to the facilitation of vibrational relaxation of the ions. These higher pressures can also introduce potential complications. The resulting lower mean collision time may enhance other reactions. For example, it is conceivable that the three body process
could become significant. The resulting higher electron density decay rates would in turn produce an observed DR rate coefficient that is too large.
[21] The introduction of the merged beams approach to studying DR in the late 1970s has shed considerable light on the subject. With this approach, parallel ion and electron beams are first tuned to produce very small relative velocities and are then electromagnetically merged. There are several advantages to the merged beams approach compared with other techniques. First, this technique ensures that the interactions involve only one well-defined ion with respect to mass [Mitchell and Rebrion-Rowe, 1997] . Second, this method enables the observation of reaction cross sections as a function of collision energy for energies ranging from a few meV to tens of eV with very high resolution [Mitchell, 1990; Sheehan, 1996] . This high resolution of collision energy arises from transforming the velocities of the beam particles from the laboratory frame to the center-of-mass frame. This transformation of reference frames effectively deamplifies the energy spread of the beams. This allows many details to be observed that are lost or obscured by the other methods in which the rate coefficient, rather than cross sections, is the measured quantity. For example, the merged beams approach has been used successfully to demonstrate complex cross-section structure most likely due to interfering Rydberg states [e.g., Hus et al., 1988b; Van der Donk et al., 1991; Schneider et al., 1997] , the opening of additional product channels [e.g., Le Padellec et al., 1997] , and the identification of different specific vibrational states [e.g., Hus et al., 1988a] . In conjunction with new imaging and detection technology, this technique has also been successfully used to determine the branching ratios for the different product channels [e.g., Amitay et al., 1996; Kella et al., 1996; Larson et al., 1998 ]. The main weakness of the merged beams approach is that the ions are typically produced in electron impact ionization sources resulting in the population of many vibrational states [e.g., Zajfman and Amitay, 1995] . We will discuss the implications of this in section 3.
[22] Merged beams experiments have been described in considerable detail in a number of references [e.g., Phaneuf et al., 1999] . There are two variations of merged beams experiments, single pass and multipass. In a single pass experiment, the ions and electrons are merged once, while in a multipass experiment, the ions are merged with electrons millions of times per second. The first successful merged beams studies of DR were performed in the late 1970s in the Merged Electron Ion Beam Experiment (MEIBE) lab in the Department of Physics and Astronomy at the University of Western Ontario. We obtained the single pass results reported later in this paper in the MEIBE lab. For this reason, we provide a more detailed discussion of the MEIBE apparatus in the following section.
[23] Motivated by the success of earlier single pass merged beams experiments, multipass DR experiments were first performed in the early 1990s. This refinement to the merged beams approach was enabled by the development of heavy ion storage rings. The multipass technique has been described in detail in a number of articles [e.g., Le . Briefly, ions are injected into a large storage ring and accelerated. The ion beam circulates at MHz frequencies with a typical ion energy of a few MeV. The ion-electron interactions occur each revolution in a straight section of the storage ring. The unreacted ions continue to circulate while the neutral products travel undeflected to the appropriate detection system.
[24] The multipass approach enjoys several advantages over the single pass approach. First, since the ions and electrons collide millions of times each second, the ionelectron collision rate is much higher in a multipass system. Thus considerably less observing time is required to obtain suitable counting statistics with a multipass system.
[25] The second significant advantage of the multipass approach over the single pass approach is the improved ability to produce beams of ground state ions. Relaxation times for the radiative vibrational relaxation of heteronuclear diatomic molecular ions typically fall in the range of milliseconds to a few seconds [Amitay et al., 1994] . Since the ion beam circulates in a storage ring for times of the order of a few seconds, the ions normally have time to relax into their ground electronic and vibrational states. In contrast, the time from creation to interaction for ions in the MEIBE single pass apparatus is of the order of 10 À4 s. This results in a higher probability of the population of vibrationally excited states within the single pass ion beam. The important exception is ion species that lack an electric dipole moment, such as the homonuclear diatomics. Lacking a dipole moment, such ions are infrared inactive and therefore have vibrational lifetimes that can be hours or longer [Zajfman and Amitay, 1995] . For example, the lifetime estimated for the transition to the ground vibrational state of H 2 + from the first excited vibrational level is on the order of 10 6 s [Peek et al., 1979] . [26] In spite of the advances presented by the multipass approach, the single pass approach is not without its advantages. In the MEIBE lab we directly measured cross sections as a function of collision energy. These cross sections can then be integrated over any distribution function of interest to obtain the relevant rate coefficients. The multipass groups, however, directly measure the reaction rate as a function of collision energy. The cross section as a function of energy is then mathematically extracted from the energy dependent rates. Finally, the temperature dependent rate coefficients are determined from the extracted cross sections [e.g., Amitay et al., 1996] . This extra step can introduce additional uncertainties into the calculations.
[27] The single pass MEIBE apparatus always enables a precise determination of absolute beam currents and energies. This in turn allows the determination of absolute cross sections. With the multipass experiments, however, there at times is difficulty in determining ion counts and currents [e.g., Amitay et al., 1996; Vejby-Christensen et al., 1997] . As a consequence, multipass experiments are sometimes only able to yield relative cross sections. In such cases, the calculation of temperature dependent rate coefficients would be meaningless.
[28] Although the multipass approach makes the study of ground state ions easier due to prolonged beam storage times, this can make the study of excited ions with a multipass experiment more difficult. Conversely, the short time from production to interaction in single pass experiments makes the study of ions in excited states easier. This makes obvious the advantage of collaborations between multipass and single pass groups to obtain a fuller understanding of the physics and chemistry of molecular ions. Recognizing the physical differences between the single pass and multipass merged beam methods, researchers from both groups have cooperated closely to develop a deeper understanding of the DR process for various species of molecular ions [e.g., Le Padellec et al., 1998; .
MEIBE Single Pass Merged Beam Experiment
[29] The MEIBE apparatus and procedures have been described elsewhere in full detail [Auerbach et al., 1977; Keyser et al., 1979] so we only present a brief overview. The ions are produced by the impact of 100 eV electrons upon neutral molecules inside a standard rf ion source mounted at the high voltage terminal of a van der Graaff accelerator. The van der Graaff accelerates these ions to energies of 350 keV. The species of interest is mass selected using a bending magnet and the ion beam is injected into the beam line. Before arrival at the interaction region, the ion beam is electrostatically deflected twice to eliminate any fast neutrals produced in flight through charge exchange reactions between the beam ions and the background gas during injection.
[30] The electrons are produced by a planar diode type electron gun. Specifically, a ceramic-coated tungsten filament indirectly heats a barium oxide cathode causing it to emit electrons. The filament is shielded by the cathode so that no electrons emitted from the filament are able to contaminate the electron beam. The electrons are accelerated to the desired energy that typically falls into the range of 10-100 eV, depending on the mass of the ion species. Next, the electron beam is electrostatically focused to overcome space charge effects. The trajectory of the electron beam through the vacuum chamber is initially parallel to that of the ion beam. The electron beam is then laterally displaced using crossed electric and magnetic fields. By adjusting these fields, the beams are merged for a distance of 86 mm within the interaction region. The ions are too massive to be measurably displaced by these fields and so they effectively retain their original trajectory. After exiting the interaction region, the electron beam is separated out by a second set of crossed electric and magnetic fields. The electrons continue on their new trajectory to a Faraday cup for collection. The neutral beam particles continue in a straight line to a silicon surface barrier detector where they are detected and counted. A single channel analyzer is used to set a window at full beam energy for the neutral detector, corresponding to the neutral products of DR. The ions are electrostatically deflected away from the neutrals and collected by a second Faraday cup.
[31] Even though this experiment is performed inside an ultra-high vacuum region in which a pressure of 10 À9 Torr is maintained, charge exchange reactions between the beam ions and the residual background particles still produce a significant number of fast neutrals. Since these fast neutrals have the full beam energy, they register as a DR signal at the neutral detector. To account for this, the electron beam is modulated so that effectively it is on for 50% of the time and off for 50% of the time. Two digital scalers are used to obtain neutral counts both in and out of phase with this modulation. The scaler in phase with the electron beam provides the signal plus background count (S + B), while the scaler out of phase provides only the background count (B). Taking the difference between these two counts yields the true signal. We obtain the collision cross-section from experimental parameters according to
where C n is the neutral count rate, I i and I e are the ion and electron beam currents, L is the length of the interaction region, v i and v e are the ion and electron lab frame velocities, and F is the form factor [Auerbach et al., 1977] .
[32] Ideally, the ion and electron beams would overlap perfectly through the interaction region. In reality however, this is not the case. The form factor, F, in equation (9) corrects the cross section for this by accounting for the true beam overlap. The form factor is given by
where j e and j i are the electron and ion beam current densities. Experimentally, the form factor is determined by scanning the beams at three different locations over the length of the interaction region with a set of knife-edge scanners (see Keyser et al. [1979] for full details).
[33] The largest source of uncertainty in the calculation of the cross section from equation (9) is the neutral count rate. As stated above, the true neutral signal will be given by
This represents the total number of neutral counts for a given run and it is equivalent to integrating the neutral count rate C n over the entire counting time of the run. As a counting experiment, this follows Poisson statistics and so the uncertainty in the true neutral signal is
For the new MEIBE data presented in this paper, the average uncertainty in the neutral count was 10%. A recent systematic analysis of the operation and calibration of all components of the MEIBE apparatus has determined that the remainder of the parameters in equation (9) contributes a maximum of 6% to the uncertainty in the experimentally determined cross section [Sheehan, 2000] .
[34] From the energy-dependent cross sections, a temperature dependent rate coefficient for any relative speed distribution of interest, f(v), is obtained by evaluating
We calculated all of our rates by evaluating equation (13) using the Maxwellian distribution
where
In the future, we plan to revisit this problem for cases where there are departures from Maxwellian distributions. A statistical analysis of the variance of the calculated rate coefficient based on an uncertainty of 20% in our experimentally determined cross-sections sets the uncertainty in the rate coefficients we report in section 3 at ±15%.
[ , the new multipass results differed significantly from the earlier single pass results. The question was why two fundamentally identical experiments were yielding differing results. There was obviously not a systematic flaw in either approach since the agreement was excellent for some species of ions. There could not have been a systematic error in either calibration or calculation since where differences in data did exist, the differences were not consistent from one species to another. This issue led to a comprehensive multiyear review of the MEIBE lab [Sheehan, 2000] . This review included the confirmation of the proper functioning of all components of the apparatus. The proper calibration of each component of the detection and counting systems was also confirmed, including a novel measurement of the efficiency of a silicon surface barrier detector . In conclusion we determined that the maximum uncertainty in the electron current measurement was 1%, and the maximum uncertainty in the ion count was 5%. Counting statistics typically added an additional 5 -15% uncertainty to the cross sections through the neutral count, as discussed above.
[36] After we had confirmed that the MEIBE apparatus was properly functioning and calibrated, and once the bounds of accuracy were determined, several earlier MEIBE experiments were repeated. In all cases, the new results were consistent with the previously published MEIBE results. This indicated that there must be some underlying physical explanation for the differences that existed in certain cases between MEIBE results and storage ring results. In the next section of this paper, we present these new MEIBE results for N 2 + , O 2 + , and NO + along with a discussion of the reason they differ from storage ring results. The discussion will be extended to include FALP results and theoretical calculations where possible. We will demonstrate that the apparently contradictory rates reported by various studies can be understood on the basis of ions in differing initial states. [37] The differing DR rate coefficients for each of N 2 + , O 2 + , and NO + provide a window into a deeper understanding of the DR process for these species of molecular ions. A recent study of the effects of the internal energy of the ions on the DR process [Sheehan, 2000] has shown that the differences between the various published experimental rate coefficients can be explained in terms of differences in internal ion energies arising from the use of different experimental techniques. As we discuss in more detail below, multiple rates obtained with a given technique tend to be consistent. The differences in reported rates tend to be from one experimental technique to another.
[38] The new single pass results we report here are in good agreement with the original MEIBE work of Mul and McGowan [1979] . By analyzing the various rate coefficients in light of the specific experimental techniques through which they were obtained, we can arrive at a fuller understanding of the DR process for specific species of ions. This allows researchers a higher level of confidence in their selection of the rates most appropriate for their specific studies.
Dissociative Recombination of N 2 + + + +
[39] The rate coefficients of interest for the DR of N 2 + for T e < 1200 K are in Figure 4 and Table 2 . The analysis of these is followed by a discussion of rates for higher temperatures. To make comparisons more meaningful, we have tried to provide uncertainties for all of the rates discussed in this paper. Some were stated explicitly in the original sources; we estimated others based on information found within the original sources.
[40] If all other collision processes in an electron impact ionization source are neglected, then the vibrational levels of the resulting ions will be populated according to the Franck-Condon distribution [Schmidt et al., 1996] . This distribution for the formation of N 2 + from N 2 by the impact of 100 eV electrons has been calculated elsewhere [Noren et al., 1989] and the results are presented in Table 3 . We conclude from the short residence time of our ions in the MEIBE ion source that this distribution should be a reasonable reflection of the population profile of our N 2 + beam. With this ion beam, we observed a temperature dependent rate coefficient of 1.5 Â 10
À7
(T e /300) À0.39 cm 3 s À1 .
[41] The multipass results quoted in Table 2 were obtained at the CRYRING facility in Stockholm [Peterson et al., 1998] . Since N 2 + does not have a dipole moment, beam storage times are not sufficient to achieve significant vibrational cooling. Therefore in an attempt to produce cool ions, a special high-pressure hollow cathode source was utilized to enhance collisional quenching, since
is known to be a highly efficient process [Lindinger et al., 1981; Smith and Adams, 1981] . This resulted in an ion beam with an observed population of 46% v = 0, 27% v = 1, 10% v = 2, and 16% v = 3. Comparing this population with the one of Table 3 indicates that the multipass and single pass N 2 + beams had similar vibrational populations. This accounts for the similar observed rate coefficients.
[42] The divergence between the Peterson et al.
[1998] rate coefficient of 1.75 Â 10
(T e /300) À0.30 cm 3 s À1 and our MEIBE rate presented above was somewhat surprising since the two sets of cross sections were nearly identical (see Figure 5 ). After recalculating our rate coefficient, we decided to calculate the rate coefficient from their cross sections. In doing so, we obtained a value of 1.5 Â 10
(T e /300) À0.38 cm 3 s À1 . Given the above discussion of the similarities in ion beam populations with these two experiments, the similarities in the cross sections and the theoretical temperature dependence of the rate [Guberman, 1991; Guberman, 1993] , this recalculated value is not a surprise.
[43] Mehr and Biondi [1969] obtained their results using a microwave afterglow apparatus. The high number densities and pressures in afterglow experiments result in the very efficient collisional quenching of the vibrationally excited states of N 2 + by N 2 [Geoghegan et al., 1991] . The N 2 + ions in the experiments of Mehr and Biondi should therefore almost exclusively have been in the ground vibrational state. They noted that their results must, however, be interpreted with caution. They reported a problem with contamination by N 3 + and N 4 + ions, which they were unable to eliminate. Their analysis suggested that given the lower recombination rate for these heavier ions, the observed N 2 + rate coefficient of 1.8 Â 10 À7 (T e /300) À0.39 cm 3 s À1 might need to be adjusted upwards by up to 10%. This correction is reflected in their paper by the use of a larger upper error bar.
[44] The difficulties encountered by Mehr and Biondi [1969] are fully resolved using a FALP apparatus. The moveable Langmuir probe allows measurements of electron densities along the flow tube and a quadrupole mass spectrometer is used to precisely determine the ion species present in the plasma. Two groups to date have used the FALP technique to study the DR of N 2 + in the vibrational ground state. These groups reported rate coefficients at 300 K of 2.0 Â 10 À7 cm 3 s À1 [Geoghegan et al., 1991] by Zipf [1980a Zipf [ , 1980b , who used a microwave afterglow coupled with a laser induced fluorescence setup. Zipf presented rate coefficients as a function of vibrational state for v = 0 up to v = 2, reporting 2.15 Â 10 À7 cm 3 s À1 for v = 0, 2.42 Â 10 À7 cm 3 s À1 for v = 1, and 2.70 Â 10 À7 cm 3 s
À1
for v = 2, all at 300 K. The original interpretation of these results as representing vibrationally resolved rates has now been challenged by a growing number of researchers. The original data analysis had not accounted for the strong resonant charge exchange process of equation (16). Since the N 2 and N 2 + both probably had a vibrational temperature of 1500 K, Zipf's measurements likely reflected the effective recombination rate for an N 2 + gas with a vibrational temperature of 1500 K, rather than vibrationally resolved rates [Johnsen, 1987] . A reanalysis of Zipf's data, accounting for resonant charge exchange based on Johnsen's discussion, resulted in a v = 0 rate at 300 K of approximately 2.6 Â 10 À7 cm 3 s À1 [Bates and Mitchell, 1991] . This reanalysis also demonstrated that the recombination rate decreases as v increases from 0 to 2.
[46] In light of this brief discussion of the various rates, Figure 4 provides a wealth of information about the DR of N 2 + . One obvious feature of this plot is the fact that all of the rates, experimental and theoretical, have a nearly identical temperature dependence of T e À0.39 . This implies that for N 2 + the temperature dependence of the DR rate coefficient is independent of vibrational excitation for T e < 1200 K.
[47] While the temperature dependence of the N 2 + DR rate coefficient is not observed to vary with vibrational excitation, the magnitude of the rate is seen to depend on the excitation of the ions. Figure 6 presents , which is in fair agreement with the observed rates for ground state ions [Guberman, 1993] . The second study yielded a rate of 2.1 Â 10 À7 (T e /300) À0.20 cm 3 s À1 around 300 K [Guberman, 2003] . The primary difference between these two studies is that the former only accounted for a single dissociating state whereas the latter accounted for several dissociating states as well as excited core Rydberg states. The second value is in near perfect agreement with our recommenda- Figure 6 . Experimental rate coefficients for the dissociative recombination of N 2 + at T e = 300 K.
tions for the 300 K ground state rate, thus illustrating the significant recent improvements in the theoretical study of DR. It is conceivable that future improvements to theory will result in successful comparisons between theory and experiment over all temperatures.
[49] At this point we should issue a note of caution about the temperature dependences of rates. Mehr and Biondi quote a single temperature dependent rate for the entire range of 300 -5000 K. It is unlikely that a single exponent accurately represents this entire temperature range. This is evidenced by the fact that we found it necessary to use separate fits for T < 1200 K and T > 1200 K for both the single pass and multipass N 2 + rates. Even over these smaller temperature ranges, a single exponent may better represent some temperatures than others. This argument extends to all temperature dependent reaction rates, not just DR rates discussed here, and so care must always be exercised in the use of reaction rates.
[50] Although we are unable to resolve the rate coefficients for the individual vibrational states, we can nevertheless make some observations of the effects of vibrational excitation on the DR of N 2 + . The results of both single pass and multipass merged beams experiments indicate that the presence of v > 0 states leads to a reduction in the observed rate coefficient. In both cases we calculated an observed temperature dependent rate coefficient of 1.5 Â 10
À7
(T e /300) À0.39 cm 3 s À1 . This represents a 38% difference from the v = 0 value observed by all three of the afterglow groups. More significantly, since the CRYRING group was able to experimentally determine that their ion population consisted approximately of 50% ions with v = 0 and 50% ions with v > 0, the merged beams rate coefficients imply that a population entirely of v > 0 N 2 + ions will have a temperature dependent rate coefficient of approximately 0.8 Â 10 À7 (T e /300) À0.39 cm 3 s
À1
. This yields 2.8 as the ratio of the v = 0 to v > 0 rates at 300 K. It is evident that vibrational excitation has a significant impact on the DR of N 2 + ions. These conclusions are consistent with the reanalysis of Zipf's [1980a Zipf's [ , 1980b experiment [Bates and Mitchell, 1991] .
[51] The controversial results of another merged beams study that require comment were omitted in the discussion above. In 1989, the results of a set of single pass experiments with N 2 + ions were reported in which a special rf ion trap source was employed [Noren et al., 1989] . By varying both the source pressure and the residence time in the source, the number of collisions an ion underwent could be manipulated prior to injection into the beam line. The intention was to enhance the collisional quenching of vibrationally excited ions. This group had successfully used this technique previously with H 2 + [Hus et al., 1988a; Van der Donk et al., 1991] and with H 3 + [Hus et al., 1988a ] to produce vibrational cool ions.
[52] The first set of N 2 + data from Noren et al. [1989] , reportedly corresponding to the hottest ions, was nearly identical to the original MEIBE results of Mul and McGowan [1979] , to the new MEIBE results we have presented in this paper, and to the CRYRING results of Peterson et al. [1998] . By manipulating the source conditions, they produced two additional sets of data, each reportedly with subsequently vibrationally cooler ions. Their results seemed to indicate that as the ions were cooled vibrationally, the DR cross section decreased. Although these results were consistent with H 2 + and H 3 + results, this trend is opposite to the behavior demonstrated in Figure 4 and the above discussion. Of greater concern is the fact that if interpreted correctly, these results imply a v = 0 rate of 0.4 Â 10
À7
(T e /300) À0.39 cm 3 s À1 , a factor of 5 smaller than any other reported v = 0 value.
[53] The results of Noren et al. [1989] have continued to be a mystery to this day. In light of our discussion, it does not seem reasonable to attribute their observations to an experimental or calibration error. It is more likely that their observations are the result of some physical process reducing the cross sections as the ion collision rate in the source increases. A clue to the interpretation of these enigmatic results may come from our above discussion of the N 2 + rates. Our discussion indicates that this unusually low rate cannot be due to v = 0 ions so that the original interpretation should be revisited. It is important to realize that the process represented in equation (16) is efficient in both directions. Not only is this process effective at collisionally quenching vibrationally excited ions, it can also be efficient at collisionally exciting vibrationally cool ions. This is not a concern in FALP experiments where the number density is high enough to effectively eliminate the vibrational reactivation of collisionally cooled ions. In an rf source, however, where the number density is much lower, it is conceivable that given enough collisions the ions will become vibrationally reactivated. The controversial value of 0.4 Â 10
(T e /300) À0.39 cm 3 s À1 is comparable to the value of 0.8 Â 10 À7 (T e /300) À0.39 cm 3 s À1 that we calculated for v > 0 ions. A possible explanation of the results of Noren et al. [1989] is that as reported, the vibrational population of the ions varied as the source conditions were changed, but owing to vibrational reactivation the vibrational excitation increased rather than decreased. With this interpretation, the observations of Noren et al. [1989] become consistent with the body of results found in Table 2 .
[54] We have extended our study of DR rates to the highest electron temperatures for which we believe the rates to be reliable. A comparison (see equation (13)) of f(v) versus the product svf(v) for both the single pass MEIBE results and the CRYRING multipass results suggested that rate coefficients can be reliably calculated up to 4000 K for both merged beams N 2 + experiments. These high temperature rates are given in Figure 7 and Table 4 . Mehr and Biondi [1969] obtained their rate for the entire range of 300 K Te 5000 K so this also is included. The v = 0 rate for T e < 1200 K is extrapolated to 5000 K and included in Figure 7 for comparison purposes. Since Mehr and Biondi worked with ground state ions and noticed no changes in the rate over this temperature range, this extrapolation seems to be a reasonably safe representation of the ground state rate at higher temperatures as well.
[55] It is immediately apparent from Figure 7 that vibrational excitation plays an increasingly significant role as T e increases. A steeper T e À0.56 temperature dependence is observed for the vibrationally excited ions in the merged beams experiments. As a consequence, at 4000 K the rate coefficient for the mixed population ions of 0.44 Â 10 À7 cm 3 s À1 is smaller than the v = 0 value of 0.80 Â 10 À7 cm 3 s À1 by approximately a factor of 2. Again considering the fact that the CRYRING ion population was known to consist approximately of 50% ions with v = 0 and 50% ions with v > 0, this implies the very low rate of 0.08 Â 10 À7 cm 3 s À1 for a population entirely of v > 0 N 2 + ions. By 4000 K, the DR rate for v > 0 ions is smaller than the rate for v = 0 by approximately a factor of 10. We will discuss implications of these results for ionospheric studies following our presentation of the O 2 + and NO + results.
Dissociative Recombination of O 2 + + + +
[56] The relevant rate coefficients for the DR of O 2 + for T e < 1200 K are presented in Figure 8 and Table 5 . As with N 2 + , we start with the analysis of the low temperature rates, followed by a discussion of rates for higher temperatures.
[57] Since our O 2 + ions were produced by the electron impact ionization of O 2 , we expect the vibrational levels to have been initially populated according to the Frank-Condon distribution as in the N 2 + case. For this beam, we observed a temperature dependent rate coefficient of 0.90 Â 10
À7
(T e /300) À0.49 cm 3 s À1 .
[58] The multipass O 2 + results were obtained at the CRYRING facility in Stockholm [Peverall et al., 2001] . As with their N 2 + experiment, the hollow cathode ion source was used to maximize vibrational cooling. A careful analysis of their DR products indicated that the beam of O 2 + ions was predominantly in the v = 0 state. The observed rate coefficient for these ground state ions was 2.4 Â 10
(T e /300) À0.70 cm 3 s
À1
. In addition to measuring the rate coefficient for ground state ions, this group was able to experimentally determine the branching ratios of the DR products for O 2 + ions in the ground electronic and vibrational state.
[59] Mehr and Biondi [1969] obtained results using the microwave afterglow apparatus described above. The DR rate coefficient they obtained for O 2 + for T e < 1200 K was 1.95 Â 10
À7
À1
. As was the case with their N 2 + experiment, the ions were in the v = 0 state. By using a high purity neon buffer gas, they were able to avoid the problem of contamination with complex ions that they had encountered with N 2 + . Mehr and Biondi expressed concern, however, that this procedure would lead to the production of some O 2 + ions in the excited metastable a 4 Å u state. Comparisons with earlier results indicated that any effects of such contamination on their results were negligible. This however remains a valid concern that needs to be addressed for all O 2 + DR experiments.
[60] As part of a FALP study of the DR of NO + , the DR rate coefficient for O 2 + at T e = 300 K was determined to be 1.9 Â 10 À7 cm 3 s À1 [Mostefaoui et al., 1999] . The O 2 + ions were formed when N 2 and O 2 were used as the parent gases for the production of NO + . In this particular experiment, the O 2 + was formed through the reaction
As a result, the O 2 + ions were exclusively formed in the X 2 Å g ground electronic state with v = 0-2 levels populated. Therefore contamination by ions in metastable states was not a concern in this FALP experiment. The v = 1 -2 levels would have been subsequently collisionally quenched, leaving O 2 + ions in the ground electronic and vibrational levels. This same rate was observed in the FALP results of Mahdavi et al. [1971] .
[61] Since the a 4 Å u state has an approximate lifetime of 0.1 s [Kella et al., 1997] , it also would not have been present in the multipass experiment due to beam circulation times. Thus the multipass rate is understood to reflect a beam of ions in the ground electronic and vibrational state.
[62] Figure 9 compares the four experimental rates just described at 300 K. The three experiments involving ground state ions all agree well within experimental uncertainties. This, in combination with Figure 8 , confirms that for T e < 1200 K the DR rate coefficient for O 2 + ions in the ground electronic and vibrational states is given by the generally accepted value of 1.95 Â 10
À7
À1
. In light of this discussion, Figure 8 demonstrates that vibrational excitation plays a more significant role in the DR of O 2 + than of N 2 + . This is particularly true at the lower end of the temperature scale. At 300 K, the vibrationally excited ions of our single pass experiment yielded an observed rate coefficient smaller than the ground state value by a factor of 2.2. The less steep temperature dependence of the vibrationally excited ions causes the difference in observed rates to decrease as the temperature increases towards 1200 K.
Nevertheless, even at 1200 K the percent difference between the rate for ground state ions and the rate for vibrationally excited ions is nearly 70%.
[63] The relatively long lifetime of the a 4 Å u state in comparison to the short ion transit time in MEIBE experiments renders it likely that this state was populated to some extent in our experiment. The excellent agreement between the results of Mehr and Biondi [1969] and those of the recent FALP and storage ring experiments, however, demonstrates that contamination with a 4 Å u ions does not significantly affect the observed DR rates. From this we infer that the recombination rate for the a 4 Å u state is nearly identical to the value quoted above for ions in the ground electronic and vibrational state. It follows then that our low rate is due to the presence of vibrationally excited ions in the ground electronic state.
[64] The high temperature DR rate coefficients for O 2 + are given in Figure 10 and Table 6 . Using the process outlined above for N 2 + , we determined that the rate coefficient could be reliably calculated for our single pass experiment up to 4000 K. For the multipass experiment [Peverall et al., 2001] we determined that the rates could be reliably calculated up to 5000 K. Since Peverall et al. [2001] only calculated rates up to 1000 K, we used their cross sections to calculate multipass rates up to 5000 K. This is the multipass value found in Table 6 and Figure 10 . [65] There are several things to notice about the high temperature results. First, the observed temperature dependence for the multipass experiment changes from T e À0.7 below 1200 K to T e À0.6 above 1200 K. Above 1200 K our calculated multipass rates are almost identical to those of Mehr and Biondi [1969] . In Figure 10 , the small divergence between these two rates is due to the slight difference in temperature dependence. This divergence is well within the experimental uncertainties and so the agreement can be considered excellent.
[66] The second thing to notice is that both the ground state ions and the vibrationally excited ions have essentially the same temperature dependence at higher temperatures. Thus the rate for excited ions is lower than the ground state rate by approximately a factor of 2 over the entire range of 200 K up to 4000 K. We will discuss implications of these results to ionospheric studies following our presentation of the NO + results.
Dissociative Recombination of NO + + + +
[67] The relevant rate coefficients for the DR of NO + for T e < 1200 K are found in Figure 11 and Table 7 . By varying the ion production chemistry, a recent FALP study of the DR of NO + observed that vibrational excitation has a significant impact on the observed recombination rates for this molecular species [Mostefaoui et al., 1999] . They achieved a population of ions in the ground electronic and vibrational state through the use of an NO parent gas. NO + was produced by charge exchange reactions between the parent NO and Ar + ions in the flow. Initially, at least 85% of the NO + would have been in the excited metastable a 3 AE + state with the remaining 15% being in the X 1 AE + ground state. This excited metastable state is longlived, since its transition to the ground state requires a spin-forbidden triplet-singlet transition. Since, however, the NO parent gas is paramagnetic, it very efficiently induces the quenching triplet-singlet transition [Chiu, 1972] . The combination of the high reaction rate for this induced transition and the high number density of NO molecules ensures the rapid quenching of the NO + to the X 1 AE + ground state. Calculations indicate that for this experiment the vibrational deactivation time for the NO + by collisions with NO was 20 ms [Mostefaoui et al., 1999] . This is much less than the 500 ms hydrodynamic flow time of ions in the FALP system, and thus the reported rate of (3.9 ± 1.0) Â 10 À7 cm 3 s À1 at 300 K corresponds to NO + ions in the ground electronic and vibrational state [Mostefaoui et al., 1999] . (T e /300) À0.56 1200 < Te < 5000 Figure 11 . Rate coefficients for the dissociative recombination of NO + for T e < 1200 K. Multipass (Reported) (4.0 ± 2.0) Â 10 À7 at T = 300 K Multipass (Calculated Here) (3.5 ± 0.5) Â 10 À7 (T e /300)
À0.69
FALP (Ground State) (3.9 ± 1.0) Â 10 À7 at T = 300 K FALP (Excited) (1.6 ± 0.5) Â 10 À7 at T = 300 K MQDT 3.7 Â 10 À7 (T e /300) À0.6
[68] The same group repeated their study with a mixed parent gas of N 2 and O 2 , in place of the NO [Mostefaoui et al., 1999] . The NO + production mechanisms in this case are
and
[69] Although reaction (19) produces NO + ions which are in the ground electronic and vibrational state, the reaction rate at room temperature is so slow that this process can be ignored. The process in reaction (18), with a much higher rate, is therefore the mechanism responsible for the NO + production in this second experiment. Reaction (18) is known to produce NO + ions in the ground electronic state. In fact, less than 2% of the ions produced by reaction (18) are in the a 3 AE + state. The ions produced through reaction (18) are formed in an array of vibrational states populated according to Table 8 [Mostefaoui et al., 1999] . Both theoretical and experimental studies show that the first five vibrational levels of the X 1 AE + ground state of NO + have lifetimes in the range of 20-90 ms, which is significantly longer than the hydrodyamic time in the FALP experiment of Mostefaoui et al. [1999] . Since neither N 2 nor O 2 efficiently vibrationally deactivate NO + , the ions would have retained the same vibrational population throughout the entire experiment. Therefore the rate of (1.6 ± 0.5) Â 10 À7 cm 3 s À1 at 300 K obtained by Mostefaoui et al. [1999] for a mixed N 2 and O 2 source is understood to reflect the vibrational population distribution of Table 8 .
[70] Our single pass NO + experiments used a source gas consisting of 50% N 2 and 50% O 2 . The dominant NO + production mechanism in our source therefore should also have been reaction (18). Given the 10 À4 s production to interaction times for MEIBE ions, and in light of the above discussion of the FALP results, it follows that our observed rate of (1.0 ± 0.2) Â 10
À7
(T e /300) À0.48 cm 3 s -1 also should be understood to reflect the vibrational population distribution of . Unfortunately, their zero energy recombination rate had an uncertainty of ±50% due to a weak beam current and so the inferred rate at 300 K will be equally uncertain, making meaningful comparisons difficult.
[72] For the sake of obtaining a temperature dependent rate coefficient for ground state NO + ions, we integrated the energy-dependent multipass cross sections of VejbyChristensen et al.
[1998] using equations (13), (14), and (15) as discussed earlier in our paper. This yielded a rate of (3.5 ± 0.5) Â 10
(T e /300) [Schneider et al., 2000, Figure 7] .
[73] It is interesting to note that the two NO + beams obtained with the two different ion sources in this multipass study had different rotational temperatures, kT = 75 meV and kT = 150 meV. These rotational temperature differences yielded no statistically significant difference in the results. This suggests that the DR of NO + is independent of the initial rotational state [Vejby-Christensen et al., 1998 ].
[74] The preceding discussion, coupled with Figure 12 , shows that the various theoretical and experimental results for X 1 AE + (v = 0) NO + ions are in excellent agreement with each other. This also demonstrates the significant effect that vibrational excitation has on the DR of NO + . The two sets of experimental results for X 1 AE + (v > 0) are in good agreement with each other and yet clearly distinct from the ground state results (see Figure 12 ). Since only 3% of the ions in the studies with excited NO + (see Table 8 ) were in the v = 0 level, this allows an effective comparison of rates for v = 0 with v > 0. The ratio of the 300 K rates for v = 0 to v > 0 ions is approximately 3, very similar to the ratio of 2.8 observed above for N 2 + .
[75] It is important to note that while vibrational excitation plays a significant role in the recombination rate for NO + , consistent with theoretical predictions and earlier experiments [Mostefaoui et al., 1999] , it does not change the primary product channel. 
AE
+ states make no effective contribution to the DR cross-section at low energies, and even at higher energies they never dominate. Their largest combined contribution is at an electron energy of 4 eV where they contribute 30% of the total cross section [Schneider et al., 2000] . Thus the L 2 Å state is most significant dissociative neutral state for v > 0. Since this state dissociates to the same products as the B [Vejby-Christensen et al., 1998 ].
[76] The high-temperature DR rate coefficients for NO + are given in Figure 13 and Table 9 . Using the process outlined above for N 2 + , we determined that the rate coefficient could be reliably calculated for the single pass experiment up to 4000 K. For the multipass experiment [Peverall et al., 2001] we have calculated the rates up to 5000 K, although the fact that they measured cross sections for electron energies up to 30 eV suggests this rate might reasonably be extended up to 10,000 K.
[77] We can see from Figure 13 that the ratio of DR rates at high temperatures for v = 0 ions to v > 0 ions remains around 3, as was the case for lower temperatures. The energy dependence however has noticeably changed from the low temperature values. Interestingly, at higher temperatures both v = 0 and v > 0 NO + DR rates have a temperature dependence of T e À0.6 . This is very similar to what we noted for O 2 + .
Summary and Conclusions
[78] Our goal in this paper, besides reviewing the latest advances in the study of DR for the space community, has been to try to make sense of the potentially bewildering array of published recombination rates. We have done so by analyzing the physical and chemical conditions present during the various experimental determinations of recombination rates in light of what molecular physics tells us about the various species of interest. From this it is evident that the initial ionic state plays a large role in the DR process for the species of ions discussed in this paper. Vibrationally excited ions produce an observed DR rate coefficient that is significantly different from that observed for ground state ions for each species of ions considered here. This also holds true for the methane family of ions which we have discussed in detail elsewhere [Sheehan and St.-Maurice, 2004] .
[79] To summarize, based on the analysis presented above, for N 2 + and T e < 1200 K, we conclude that for v = 0 of the ground electronic state, the rate is 2.2 Â 10
À7
(T e /300) À0.39 cm 3 s À1 , while for v > 0 it is 0.8 Â 10
(T e /300) À0.39 cm 3 s
À1
. For O 2 + and T e < 1200 K, we conclude that for v = 0 of the ground electronic state, the rate is 1. Figure 12 . Rate coefficients for the dissociative recombination of NO + at T e = 300 K.
À7
(T e /300) À0.69 cm 3 s À1 with no observed dependence on rotational temperature, while for v > 0 the rate is 1.0 Â 10
(T e /300) À0.48 cm 3 s
À1
. It is also noted that for NO + , vibrational excitation does not alter the dissociation product channels.
[80] The two most obvious remaining difficulties are that we were unable to resolve rates for individual vibrational states and that the population distribution of vibrational states for ionospheric ions is difficult if not impossible to determine. This makes it clear that one must be cautious in their treatment of DR in the ionosphere. In spite of these remaining difficulties, this analysis brings us closer to a realistic understanding of DR in the ionosphere. We have intentionally included as many details in our analysis as possible to allow others to draw their own conclusions regarding the applications of our results to specific ionospheric studies. We will only make a few general and speculative comments here concerning applications.
[81] To obtain an estimate of the distribution of vibrational states for a given species of ion under a given set of ionospheric conditions, the main sources and sinks of excited ions need to be considered. Chemical processes such as reactions (16) -(19) are one source of vibrationally excited ions. The electron impact excitation of cold ions is another source of vibrationally excited ions. The electron impact ionization of the parent neutrals also needs to be considered, particularly during energetic electron precipitation such as in the aurora. As discussed above, the latter is known to result in a Frank-Condon distribution of vibrational states. For heteronuclear ions the primary sink is radiative deactivation, although in light of the earlier discussion of vibrational lifetimes this mechanism is likely insignificant for homonuclear diatomic ions. Collisional quenching is another sink that must be considered. The net effect of all of these sources and sinks will likely vary considerably as changing ionospheric conditions cause the individual mechanisms to become more or less significant.
[82] A first-order estimate of ionospheric vibrational population distributions could potentially be obtained by using the DR rate coefficient as a free parameter in models or the analysis of observations. The rates discussed above might serve as the limiting values on this parameter. The rate value that reproduces observed ionospheric conditions would then give an indication of the percentage of ions in vibrationally excited states. For instance, during times when electron production and loss is well known, correlations between observed electron number densities and temper- Figure 13 . Rate coefficients for the dissociative recombination of NO + for T e > 1200 K. Figure 4 ] can be used to determine the ionospheric rate coefficient. This rate can then be compared with the rates discussed here, and thus inferences about the ion populations can be made. Similarly, by comparing the conditions in the ionosphere at a given time with the ion source conditions discussed above, an appropriate rate can be selected for modeling or analysis purposes with more confidence.
[83] Since DR is an important source of excited neutral atoms, a decrease in the observed emissions by N and O could be an indicator of the presence of vibrationally excited ions. This is because the DR rates for all three species of ions discussed here decrease for vibrationally excited ions. Similarly, during periods of significant vibrational excitation there should be an observed enhancement in electron and ion densities.
[84] It is clear that a significant combination of observational and modeling work is necessary to determine the full effects of vibrationally excited molecular ions on the ionosphere. It is our hope that the work presented here will bring us one step closer to a fuller understanding of the ionosphere.
